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A modified layered-target technique is used to provide spatial information about con-
tinuum x-ray emission in the plane of an infinite target irradiated by a short-pulse CO,
laser. Hard x-rays are only observed near or within the laser interaction region. Softer
X rays are emitted over a large but shallow area of the target surface. These results
are used to discuss lateral energy transport mechanisms.

PACS numbers: 52.25.Ps, 52.50.Jm

If laser fusion is to succeed, the laser energy
must be transported efficiently from the absorp-
tion region to the core of the pellet shell where
the rocket effect takes place. Long-wavelength
lasers produce abundant suprathermal electrons,
which could be used for the inward energy trans-
port. For that purpose, however, one must first
find out where the hot-electron energy is trans-
ported. Hot-electron trajectories are commonly
inferred from either hard continuum x rays! or
Ko emission,®? both due to electron deceleration
in the high-density material. Hard x rays with
energies near or above the hot-electron tempera-
ture are particularly useful in the study of hot-
electron lateral energy transport. In this paper,
a novel application of layered target techniques*
is used to provide spatial information on continu-
um X rays emitted from and below the surface of
an infinite planar target. In this geometry, which
avoids edge effects of finite-size targets,®>° we
find that hard-x-ray emission occurs near or
within the laser spot area. By contrast, softer
radiation is observed from a large but shallow
area of the target surface. The x-ray information
is used to discuss possible lateral—-energy-trans-
port mechanisms and to obtain some quantitative
estimates about hot-electron energy transport.

These experiments were carried out with a CO,-
laser beam (10.6 um wavelength) incident at 28°
on planar half-layered targets described below.
The s-polarized laser pulse, 1.5 nsec in duration
with a prepulse~to—main-pulse contrast ratio
<1079, was focused on target by an f/1.5 off-axis
parabolic mirror. The more or less Gaussian-
shaped, 90%-energy-spot diameter was measured
to be about 200 um. All the experimental results
reported below were obtained at an irradiance of

5X10' W/em?, corresponding to the critical flux
above which ponderomotive force effects become
important.'*™?

First, we describe the experimental procedure
to obtain spatial information on lateral x-ray
emission from the target surface. Next the tech-
nique is extended to provide x-ray information
from any plane below the target surface. Basi-
cally, spatial information about lateral x-ray
emission is obtained through analysis of spatially
integrated data. The target is shown schematical-
ly in Fig. 1(a). A half-plane layer of a low-Z
material [(CH), plastic here] is deposited on a
higher-Z substrate (glass). In order to minimize
possible secondary effects of a step near or with-
in the focal-spot region, the plastic thickness is
chosen to be much smaller (~40 times) than the
laser-spot diameter, but thick enough to prevent
hot electrons from penetrating through the plas-
tic." The time- and space-integrated continuum
X-ray emission is recorded with a combination of
filter absorber detectors covering the 1-50-keV
range.? Spatial information is then provided by
the relative emission contrast between the weak
plastic emitter and the stronger glass emitter
area. For example, when the laser is incident on
the plastic side near the step, energy transported
laterally to the bare glass area next to the plastic
step is detected through x-ray emission enhance-
ment by the high-Z material. X-ray emission in-
tegrated from different areas of the target sur-
face is obtained by varying the distance d from
the laser axis to the plastic step location between
shots. ‘Results from three typical x-ray channels
are shown in Figs. 1(b)~1(d). When the laser is
incident on the plastic side, 600 um away from
the step, an x-ray contribution from the glass
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FIG. 1. (a) Schematic of the half-plane layered target
used to provide spatial information on lateral x-ray
emission. (b), (¢), and (d) Space- and time-integrated
x-ray emission for three energy channels, obtained by
varying the distance between the laser axis and the plas-
tic step location. All signals are normalized to the bare
substrate emission corresponding to each channel (sta-
tistical error bars on the extreme left). Error bars on
the extreme right correspond to the emission from a
thick infinite plastic target. The vertical markers are
total emission diameters.

side is already registered on the soft energy chan-
nel [ Fig. 1(b)] whereas no such contribution is
observed on higher-energy channels [Figs. 1(c)
and 1(d)]. The more rapid transition in x-ray
emission around + 100 pm of the step is due to
increased x-ray emissivity within the focal-spot
area.

With use of the same basic technique, it is also
possible to obtain lateral x-ray information from
a target plane below a given thickness of plastic.
In Fig. 2(a), for example, the thickness of the
half-plane plastic layer is reduced to 1 pm. This
is less than the hot-electron penetration into plas-
tic.! Therefore, the detectors now register the
enhanced x-ray emission from the glass below
the plastic, plus the emission from the plastic
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FIG. 2. (a) Space- and time-integrated x-ray emission

from a target with a half-plane plastic layer thickness
less than the hot-electron penetration depth. The laser
axis location is again varied with respect to the plastic
step. (b) X-ray emission from the glass substrate be-
low the plastic half plane, obtained by subtracting the
5-pm [Fig. 1(b)] from the 1-um [ Fig. 2(a)] distribu-
tions. The error bars are due to uncertainties in the
data reduction process.

layer and the bare glass next to the step. Sub-
tracting the x-ray emission from the target with
a thick step [already obtained in Fig. 1(b)] we
get, to first order, the x-ray emission from the
glass below the 1-um plastic layer for different
laser axis location with respect to the plastic
step [ Fig. 2(b)].

The main advantage of the step technique is
high sensitivity provided by the spatial integra-
tion of the local emissivity over the whole high-Z
area of the target surface. Better spatial resolu-
tion and even higher sensitivity could be obtained
by using a higher-Z substrate such as gold rather
than glass.

Interesting information can be obtained through
spatial integration of the x-ray emission over
different areas of the target surface. A summary
of significant results obtained from Figs. 1 and 2
is presented in Table I. At the surface of the
target an important fraction of the soft-x-ray
emission comes from a region much larger than
the laser-spot area, as already observed qualita-
tively elsewhere.*® Hard x rays, however, are
mostly confined to within or near the laser ab-
sorption region. As a result, the continuum x-
ray emission is softening with increasing distance
from the laser interaction region. X rays emit-
ted from the target plane below a 1-um layer of
plastic show that the soft-x-ray emission ob-
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TABLE I. Spatial characteristics of continuum x rays emitted from a
planar target. The laser irradiance and spot diameter are 5% 10" W/cm?

and 200 um, respectively.

X-ray energy

Emission diameter

Fractional emission
outside the laser

(keV) (mm) spot area
Emission from the target surface
1-1.5 2.4 80%
7-9.6 1.4 60%
20-30 ~0.4 ~30%
Emission below 1 um of plastic
1-1.5 ~1.4 ~40%

served over a large area of the target surface is
mostly a shallow surface phenomenon.

Using the x-ray results, we can now try to iden-
tify possible lateral—energy-transport mecha-
nisms. Next, quantitative considerations about
hot-electron energy transport will be discussed.
First, we note that hard x rays imply that the
most energetic electrons penetrate the target
near or within the laser interaction region. Softer
x~-ray behaviors could be explained by several en-
ergy-transport mechanisms. One possibility is
direct energy deposition by less-energetic elec-
trons over a large area of the target surface.
These electrons could be flowing to the target
along the leading edge of a suprathermal corona
in expansion.® Direct bombardment of the target
surface by hot electrons slowed down by reflec-
tions at the potential sheath is also possible. An-
other approach is a return current, which is nec-
essary to neutralize the outgoing stream of reso-
nantly accelerated electrons.’ In the process, a
closed current loop is established, possibly in-
volving the return of cold or less-energetic elec-
trons® from the corona to the target surface out-
side the laser area. This model has been shown
to explain the geometry of magnetic fields ob-
served over a large area of the target surface.'®
Once at the target surface, this return current
could also create an x-ray-—-emitting plasma
through Ohmic heating.!! Interferometry with a
short ruby-laser pulse'? and other observations®:®
indicate that the diameter of the surface plasma
is expanding laterally at a velocity above 10°
cm/sec and reaches a diameter comparable to
the 1-keV x-ray emission diameter.

Whether long-range lateral energy transport is
due to hot electrons with reduced energies or
some plasma expansion mechanism is not clear.
However, energetic electrons are at least partly

responsible for short-range lateral energy trans-
port, as evidenced by hard x rays. The amount
of energy transported by hot electrons can be
estimated from x-ray spectra. A typical space-
and time-integrated x-ray spectrum obtained un-
der the same conditions as above but with a thick
infinite plastic layer is presented in Fig. 3. With
use of the results from Table I, this spectrum is
reduced to its contribution from within the focal-
spot area. Although harder, a two-component
spectrum is still observed. Using a simple cal-
culation,!® we estimate that about 7% of the inci-
dent laser energy is transported inward by the
hot-electron distribution represented by the hard
portion (>5 keV) of the spatially integrated spec-
trum. Approximatively 60% of the inward trans-
port remains within the focal-spot area, and
most of the rest can be accounted for within a
200- um minor radius beyond the focal spot. Of
course, this model does not account for any sig-
nificant amount of energy possibly dissipated at
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FIG. 3. X-ray emission spectra: Spatially integrated
and contribution from the focal-spot area. The inte-
grated spectrum is obtained with six detectors.

37



VOLUME 47, NUMBER 1

PHYSICAL REVIEW

LETTERS 6 Jury 1981

the target surface by a return current or any
other lateral-plasma-expansion mechanism.3?

In conclusion, spatial information about x-ray
emission indicates that the most energetic elec-
trons penetrate the target near or within the la-
ser-interaction region. Most of the energy trans-
ported by hot electrons is also limited to a close
range around the laser focal spot. Long-range
energy transport could be due to hot electrons
with reduced energies or some plasma expansion,
either suprathermal or Ohmic heating driven, at
the target surface. In the context of multibeam
irradiation of a pellet surface, our results and
others'* indicate that some laser illumination
uniformity is still going to be required when the
dominant inward energy-transport mechanism is
due to suprathermal electrons. Questions about
the overall efficiency of this transport process
and whether preheat by the most energetic elec-
trons can be controlled still remain to be ad-
dressed.
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